We report laser desorption/ionization mass spectrometry using a dye-doped nanoporous polymer matrix. The nanoporous polymer matrix was fabricated through a holographic interference patterning technique. The periodically aligned nanopores in the resulting polymer matrix produced a high surface-to-volume ratio that facilitates the homogeneous cocrystallization of the matrix and an analyte (i.e., peptide in this demonstration
Introduction
Matrix-assisted laser desorption/ionization ͑MALDI͒ is an important ionization technique used in mass spectrometry, allowing for the analysis of both organic molecules ͑such as polymers͒ and biomolecules ͑such as proteins, peptides, and nucleic acids͒ ͓1-7͔. To generate a strong MALDI signal necessary for mass spectrometry, a matrix ͑a small molecule with a molecular weight ͑MW͒ ranging from 150 to 250͒ is often used to activate the ionization process of the analytes. As the matrix absorbs photons from a laser, the efficient energy transfer from the matrix to the analyte causes the analyte to ionize. The resulting ionized analyte desorbs from the substrate and is subsequently detected by the mass spectrometer. As of this moment, MALDI has not been extensively used in mass spectrometry applications. Besides its complex sample preparation process, another major obstacle that prevents MALDI from realizing its potential is the significant ion fragmentation and interference caused by the large molar ratio of the organic matrix to the analyte. This hinders traditional MALDI techniques from effectively identifying analytes with small molecular weights ͑Ͻ1800͒ ͓8,9͔.
To date, several methods have been developed to simplify the complex sample preparation process and reduce background interference generated by traditional MALDI techniques. A matrix-free mass spectrometry technique, known as desorption/ionization on porous silicon ͑DIOS͒, has been experimentally demonstrated to detect small molecules with little or no interference ͓10-14͔. In the DIOS method, porous silicon allows the analyte to absorb UV light, vaporize, and subsequently ionize through a photoluminescence process. Alternatively, ion fragmentation can be reduced by fabricating a porous polymer monolith, which uses a polymerization or sol-gel process to entrap the organic matrix on the polymeric substrate ͓15-21͔. The integrated organic matrix offers sufficient energy transfer from the matrix-modified substrate to the analyte, thus enabling the identification of small-molecule analytes. The interference is diminished due to the covalent bonding between the matrix and the polymeric substrate. Other alternative approaches, such as carbon-based polymers, carbon nanotubes, and metal nanoparticles, have also been demonstrated to decrease ion fragmentation and improve the detection capability of analytes with small molecular weights ͓22-28͔.
In this article, we demonstrate that a dye-doped nanoporous polymer matrix can be developed and used to detect small molecules ͑peptides, molecular weight: ϳ1570͒. The polymeric nanostructures, fabricated by a laser holographic patterning technique, have been established in applications such as biosensing and humidity sensing ͓29-35͔ and are emerging as functional materials for nanophotonics ͓36-47͔. In this work, we successfully functionalize the polymeric nanostructure with a fluorescent dye ͑Cou-marin 456͒ and trifluoroacetic acid. We further prove that this dye-doped nanoporous polymeric structure can be used as a matrix in laser desorption/ionization applications with marginal background interference. In addition to decreasing the background interference in the laser desorption/ionization process, this dyedoped nanoporous polymer simplifies sample preparation.
Experimental Details

Rose
Bangal ͑RB͒, N-phenylglycine ͑NPG͒, N-vinylpyrrolidinone ͑NVP͒, dipentaerythritol hydroxypenta acrylate ͑DPHPA͒, acetone, acetonitrile, high-performance liquid chromatography ͑HPLC͒-grade water, trifluoroacetic acid, and peptide ͓͑Glu 1 ͔-fibrinopeptide B human, MW 1570.57͒ were purchased from Aldrich ͑Milwaukee, WI͒ for use in the experiments. The fluorescent dye, Coumarin 456 ͑C456͒, was purchased from Exciton ͑Dayton, OH͒ and the liquid crystal ͑TL213͒ from Merck Ltd. All chemicals were used without further purification.
The dye-doped nanoporous polymer matrix was fabricated by a holographic interference patterning process ͓29,30͔. Two 514 nm laser beams, separated from an argon ion laser source ͑Coherent Innova 300C͒, generated periodically dispersed high and low intensity regions. The schematic of our fabrication setup is shown in Fig. 1 . The prepolymer syrup, consisting of monomer ͑40 wt % DPHPA͒, photoinitiator ͑1 wt % RB͒, co-initiator ͑3 wt % NPG͒, dye ͑4 wt % C456͒, homogenizer ͑20 wt % NVP͒, nonreactive solvent ͑15 wt % acetone͒, liquid crystal ͑15 wt % TL213͒, and acid ͑2 wt % trifluoroacetic acid͒, was homogeneously mixed before laser exposure. The cell was prepared by positioning 10 l of prepolymer syrup onto the top of one glass slide, which was immediately covered by another glass slide. The thickness of the sandwiched polymer syrup was controlled by 5 m glass rods mixed within the prepolymer syrup. After holographic interference patterning, the sandwiched cell was post-cured under a 100 W halogen lamp for 24 h. The laser writing angle ͑͒, power, time, and exposure area were fixed at 20 deg, 100 mW, 1 min, and 20ϫ 20 mm 2 , respectively. The control sample ͑"nonporous" polymer doped with dye and trifluoroacetic acid͒ was prepared using a similar preparation procedure except only one laser beam was used for laser exposure. A scanning electron microscope ͑SEM, Hitachi S-5200͒ was used to examine the surface and cross-sectional morphology of the polymeric nanostructures.
The MALDI preparation process began by preparing a matrix ͑C456͒ at a concentration of 10 mg/ml dissolved in 50% acetonitrile and 0.1% trifluoroacetic acid in HPLC water on a stainless steel plate ͑Waters, M880675CD1-S͒. The analyte and matrix were mixed at a 1:1 ratio, and 2 l mixture was spotted onto the stainless steel plate. The analyte/matrix spots were set to air-dry for 30 min at room temperature before the MALDI analysis was performed.
The MALDI analysis was conducted using a MALDI-time of flight ͑TOF͒ LR instrument ͑Waters, Ltd.͒. The analyte for the dye-doped nanoporous polymer matrix was prepared by dissolving the peptide in HPLC water ͑50 pmol/ l͒. The peptide solution was diluted ͑1:1͒ with acetonitrile. A 2 l diluted peptide solution was applied directly onto the top of the polymeric nanostructure and set to air-dry for 1 min. The experimental conditions for laser desorption/ionization ͑LDI͒ were set to the positive-ion reflection mode with a pulse voltage of 2300 V, a source voltage of 15 kV, a reflection voltage of 2000 V, and a multi-channel plate ͑MCP͒ detector voltage of 1950 V. The sampling period was 0.5 ns with a time-lag focusing ͑TLF͒ delay of 500 ns. Ten shots per spectrum were taken with a laser firing rate of 5 Hz.
Results and Discussion
The formation of periodically arranged nanopores strongly depends on the degree of phase separation during the photopolymerization process. The addition of a nonreactive solvent ͑i.e., acetone͒ into the prepolymer syrup is key to the formation of nanopores in the structure. During the photopolymerization process, the solvent phase-separated from the photopolymer to form Fig. 1 Schematic of the optical setup for fabricating onedimensional, nanoporous polymer nanoscale droplets. After the droplets of solvent evaporated, nanoscale air voids were left in the polymer structure, forming periodic nanoporous polymeric structures. Figure 2 depicts the surface morphology of the nanoporous polymers, which clearly reveals the alternating layers of polymer and void strips. The period of the grating, calculated to be 800 nm, corresponds to the total widths of nonporous regions ͑600 nm͒ and porous regions ͑200 nm͒. The voids ͑10-100 nm in diameter͒ in the porous regions create a high surface-to-volume ratio, facilitating the ionization and desorption of the analytes. Figure 3 shows an experimental schematic of the LDI measurement based on the dye-doped nanoporous polymeric structures. The fabricated nanostructure, situated on a glass substrate, was set in a custom-made plate with dimensions similar to those of conventional MALDI stainless steel plates. During laser irradiation, the dye-doped nanoporous polymer sample absorbs energy from the laser and efficiently ionizes the analyte because of the polymer's large surface-to-volume ratio. In a strong electric field, the ionized analyte accelerates into a flight tube attached to a detector. By recording the flight time of the ionized analyte, the mass of the analyte can be calculated. The mass to charge ratio ͑m/z͒ is determined by the amount of kinetic energy applied to the analyte throughout the flight tube ͓1͔.
To demonstrate that the dye-doped nanoporous polymers can achieve improved MALDI signal with decreased interference ͑i.e., noise͒, we carried out several experiments. In the first experiment, we performed mass spectrometry of a peptide ͓͑Glu 1 ͔-fibrinopeptide B human͒ using a traditional dye ͑C456͒ matrix. As seen in Fig. 4͑a͒ , while a peak at 1570.60 m/z accurately represents the molecular weight of the peptide, various peaks between 500 and 1100 m/z were observed. These interference peaks ͑500-1100 m/z͒ arose from ion fragmentation due to the large molar ratio of the dye, limiting the application range of the dye matrix ͓2͔. In the second experiment, we performed mass spectrometry of the peptide using a nanoporous polymer matrix functionalized with C456 and trifluoroacetic acid. As seen in Fig.  4͑b͒ , the peptide signal remained strong while the interference at the low m/z region significantly decreased. In the third set of experiments, we performed mass spectrometry of peptide using a control sample, a nonporous polymer matrix functionalized with C456 and trifluoroacetic acid. As seen in Fig. 4͑c͒ , no peptide signal was observed, indicating that nanopores play a vital role in the enhanced mass analysis of peptide.
To examine the role of the C456 dye in the dye-doped nanoporous polymer, we carried out another control experiment. Figure  5͑a͒ shows the mass spectrum of peptide using nanoporous polymer without doping the C456 dye. It indicates that no peptide signal was observed. Unlike DIOS-mass spectroscopy ͑MS͒, where analytes directly absorb UV light, the undoped nanostructure used here has no absorption in the UV range, making it impossible to transfer the photon energy to the peptide. Thus, the incorporation of dyes into the nanoporous polymeric structures is essential in performing MALDI functions. We believe that the high surface-to-volume ratio of nanostructures can facilitate the formation of cocrystallized matrix/analyte compounds with a low molar ratio of dye.
We further examined the role of trifluoroacetic acid in the dyedoped nanoporous polymer. Figure 5͑b͒ shows the mass spectrum of peptide using a dye-doped nanoporous polymer that does not contain trifluoroacetic acid. It reveals a weak peptide signal com- pared with the signal from a dye-doped nanoporous polymer that contains trifluoroacetic acid ͑Fig. 4͑b͒͒. In traditional MALDI essays, trifluoroacetic acid has proven to be an effective acid in increasing the cocrystallization between matrix and analyte, greatly enhancing the analyte signal ͓4͔. Figure 6 compares surface morphology of the nanoporous polymer functionalized with trifluoroacetic acid before ͑Fig. 6͑a͒͒ and after ͑Fig. 6͑b͒͒ adding the peptide solution. Figure 6͑a͒ reveals an empty, weblike morphology of the void strips before depositing the analyte solution, while Fig. 6͑b͒ clearly indicates that the areas of the void strip are filled with small particlelike nanostructures. We speculate that the nanopores promote the peptide solution to cocrystallize with the matrix in the porous regions. With this approach, different kinds of chemical modifiers can be dissolved and incorporated into the photopolymer to facilitate the fabrication of nanoporous structures with tailored functionalities. In our experiments, we functionalized the porous polymer structures with trifluoroacetic acid to improve the LDI signal, and we will further optimize the recipe of the dye-doped nanoporous polymer ͑e.g., the concentration of trifluoroacetic acid͒ to improve the LDI signals.
Conclusions
Using a holographic lithography method, we have successfully fabricated a dye-doped nanoporous polymer and demonstrated that this dye-doped nanoporous polymer can be used as a platform for LDI analysis. In the LDI analysis, the dye served as a modifier to the photopolymer to facilitate the photon energy transformation between the matrix and the analyte. The high surface-to-volume ratio of the nanoporous polymer facilitates the photon energy transformation and enhances the LDI signal. Moreover, the primary drawbacks of traditional MALDI analysis ͑i.e., background interference and ion fragmentation͒ were circumvented in this approach due to the low molar ratio of the dye component in the cocrystallized matrix/analyte compound. We expect that with these advantages, the dye-doped nanoporous polymer matrix described here will be a promising technology for future LDI mass spectrometry. Fig. 5 Mass spectra of control samples. "a… Mass spectra of peptide using nanoporous polymer film that does not contain C456. "b… Mass spectra of peptide using C456-doped nanoporous polymer film that does not contain trifluoroacetic acid. Fig. 6 Surface morphology of the nanoporous polymer film doped with C456 and trifluoroacetic acid "a… before and "b… after adding peptide onto the top of the film
